Context: Klinefelter syndrome (KS) is a common condition in males, resulting in androgen deficiency and cardiometabolic diseases. These interrelated conditions may be present in prepubertal boys with KS.
or generally accepted clinical practice guidelines (5, 7, 8) . Due to difficulties in evaluating serum hormone concentrations in prepubertal children, it is not clear whether hypogonadism is present in boys with KS prior to puberty (7) . Clinical evidence supporting testosterone deficiency in children with KS includes low-normal stretched penile length with slow penile growth, frequent hypotonia, decreased muscle mass, and poor endurance (9) (10) (11) . To our knowledge, low-dose androgen supplementation in prepubertal boys with KS has not been evaluated in a randomized design.
Men with KS also have a high morbidity and mortality related to cardiometabolic diseases (12) (13) (14) (15) . An unfavorable body composition with increased adiposity and decreased muscle mass is common (16, 17) . Up to half of men with KS have metabolic syndrome (MetS), a constellation of findings reflecting insulin resistance (16) (17) (18) (19) . It was recently recognized that even young boys with KS have a high prevalence of MetS features, as well as increased adiposity with average body fat percentage approximately 1 standard deviation above the normal mean (20) (21) (22) . Furthermore, the risk of MetS features and percent body fat standard deviation score (%BF SDS) in children with KS appear to be independent of age and body mass index (BMI) (21, 23) .
Testosterone deficiency in males is known to cause increased adiposity and decreased insulin sensitivity, and treatment with androgens improves these measures (24) (25) (26) . Given the known testicular dysfunction in KS, hypogonadism is believed to be the underlying etiology of the poor cardiometabolic outcomes in this population (19) . We recently found that testicular function is inversely associated with features of MetS in a cross-sectional study of prepubertal boys with KS (23) . Therefore, we hypothesized that exogenous androgen treatment would have favorable effects on the cardiometabolic health of boys with KS.
Methods

Overall study design
This was a randomized clinical trial of oral oxandrolone (Ox) versus identical-appearing placebo (Pl) in 93 boys with KS. Ox is a nonaromatizable anabolic steroid that is available in an oral tablet in low doses, and is therefore more practical for children than currently available formulations of testosterone (27) . Study visits occurred every 6 months for 2 years. The primary outcome for this secondary analysis is %BF SDS at the final 24-month study visit, with the a priori hypothesis that Ox would result in lower %BF SDS. Secondary outcomes included additional measures of cardiometabolic function and safety data. Data on the primary outcomes (motor, cognitive, and psychosocial) are being prepared in a separate manuscript.
Setting, recruitment, and participants
This study took place at Thomas Jefferson University (TJU, Philadelphia, PA) from 2007 to 2011. Participants were recruited through internet advertisements, advocacy organizations (predominately Association for X&Y Chromosome Variations, formerly KS&A), and clinical referral. Inclusion criteria were as follows: Karyotype XXY, XXYY, or XXXY with ,50% mosaicism for a 46,XY cell line in blood, age 4.0 to 12.9 years of age, testicular volume #4 mL, and no treatment with exogenous androgens in the previous year. This study was approved by the Human Subjects Committee at TJU and was registered on clinicaltrials.gov (NCT00348946). All participants provided assent, and written informed consent was obtained from parents.
Randomization
Simple randomization using a computer-generated randomization sequence assigned sequentially enrolled participants to 1 of 2 treatment groups (Ox or Pl) with a 1:1 allocation ratio. The allocation sequence was generated by the TJU pharmacy and therefore concealed to the investigators enrolling participants. Study medication was secured and dispensed by the TJU research pharmacy, and all investigators and participants were blinded to the assigned treatment group.
Dosing protocol and safety monitoring
Dosing of the study medication started at 0.06 mg/kg/d rounded to the nearest 1.25 mg with a minimum dose of 1.25 mg daily and a maximum dose of 3.75 mg daily. Dosing was weight adjusted at every 6-month study visit. The dose was reduced by 50% if any of the following occurred during the study period: low-density lipoprotein (LDL) .159 mg/dL, high-density lipoprotein (HDL) ,20 mg/dL, liver enzymes (alanine aminotransferase) exceeding twice the upper limit of normal for the assay (or .90 IU/L), Tanner 2 pubic hair development in boys ,8 years of age, bone age advancement .12 mo in a 6-month period and bone age more than chronological age, or systolic and/or diastolic blood pressure (BP) .95th percentile for age, height, and sex. Participants receiving 1.25 mg daily were reduced to 1.25 mg every other day. If a dose reduction occurred due to these predetermined criteria at any point, the subject continued on a 50% dose for the remainder of the trial. The principal investigator maintained the ability to make dose adjustments for additional reasons, such as rapid growth and/or behavioral concerns. An independent Data and Safety Monitoring Board reviewed annual interim analyses on safety measures only; no interim analyses for efficacy were done. The protocol was not changed during the study period, and there were no significant protocol deviations.
Study assessments
Physical examination, body composition, fasting morning blood draw, and bone age x-ray of the left hand occurred at baseline and every 6 months for 2 years (total of 5 complete assessments). Measurements of height, weight, BMI, and waist circumference were converted to SDS using age-and gender-specific norms (28 (33) . Fasting blood glucose, LDL, HDL, total cholesterol, and triglycerides were measured using commercial assays. Cutoff values to dichotomize normal from abnormal were defined by the de Ferranti criteria for MetS, as follows: waist circumference .75th percentile for age, triglycerides $100 mg/dL, HDL ,50 mg/dL, fasting blood glucose .110 mg/dL, and systolic or diastolic BP .90th percentile for age and height (34) . The presence of three or more of these features was considered consistent with a diagnosis of MetS. As there are no universally accepted criteria for MetS in children, we elected to use the same criteria used by other studies of MetS in children with KS (20, 23, 34) .
Statistical analyses
The primary analysis was a modified intention to treat analysis; all subjects were analyzed with the group initially randomized to; however, only subjects with data for the primary outcome were included in the final analysis. Missing data were assessed by comparing baseline demographic and outcome variables between completers and noncompleters using a Welch 2-sample t test. Additionally, Little's test of Missing Completely at Random was used to test for any missing data mechanisms.
The primary outcome was %BF SDS at 2 years. An ordinary least squares regression model was used with treatment group, age, and baseline %BF SDS as explanatory variables for the outcome of %BF SDS at 2 years. To explore the time-related pattern of response to treatment, %BF SDS mean and standard error for both groups were plotted across time and compared between treatment groups using Welch's 2-sample t test at each time point. Results were considered statistically significant with a of 0.05. A post hoc subanalysis including only participants who remained prepubertal for the entire study (testicular volume always ,4 mL, pubic hair Tanner stage 1) was performed due to concerns about the known influence of puberty on cardiometabolic outcomes, particularly insulin resistance.
Secondary outcomes included additional measures of cardiometabolic function and safety measures and were also assessed with multiple linear regression models adjusting for age and baseline measure of the outcome for continuous variables and Fischer exact test for binary outcomes. Results were again graphed across time to appreciate temporal trends. As the secondary analyses were exploratory and measuring similar outcomes, no adjustments were made for multiple comparisons. Statistical analysis was performed using GraphPad Prism, version 6.00 for Mac (GraphPad Software, La Jolla, CA) and R: A Language and Environment for Statistical Computing, version 3.3.1 for Windows (R Foundation for Statistical Computing, Vienna, Austria).
Results
A total of 93 boys were recruited and enrolled in the 2-year study. Thirteen subjects withdrew due to lack of interest, and 1 subject had missing data for the primary endpoint; therefore, 79 subjects were included in the analysis for the primary outcome (Fig. 1 ). There were no differences in baseline characteristics between completers and noncompleters (all P values .0.05; data not shown). Additionally, Little's test of Missing Completely at Random was nonsignificant, indicating data were missing at random. There were no more than 3% missing data for any variables of interest. Given the lack of differences between completers and noncompleters, a listwise deletion was used for analysis of the cardiometabolic outcomes for a total of 79 subjects.
Baseline demographic and cardiometabolic data were normally distributed and are summarized in Table 1 for all subjects. The Ox group was 1.6 years younger than the Pl group (P = 0.03), but the groups were otherwise well matched at baseline. The majority of subjects in both groups were white and diagnosed with 47,XXY prenatally. Common reasons for postnatal testing and diagnosis included developmental delays or behavior concerns. There were no statistical differences in our cardiometabolic endpoints between the pre-and postnatal diagnosed boys.
Body composition
The primary outcome of %BF SDS at 2 years was significantly lower in the Ox group compared with the Pl group ( Table 2 ). This remained significant after adjusting for age and baseline %BF SDS. Reduction in %BF SDS between the beginning and end of the 2-year study was seen in both Ox [20. (Fig. 2) .
Boys treated with Ox gained an average of 8.5 6 3.1 kg lean body mass during the study, which is 33% of their baseline weight, whereas boys in the Pl group gained 7.1 6 4.4 kg in lean body mass, or 23% of their baseline weight (difference between groups 10%, 95% CI 4.9% to 15%; P , 0.001). Waist circumference percentile and BMI SDS were not significantly different between groups.
Additional cardiometabolic measures
Unadjusted comparisons of additional cardiometabolic outcomes at 2 years were significant for lower fasting triglycerides (P = 0.037), fasting blood glucose (P = 0.032), and systolic BP (P = 0.022) in the treatment group. After adjusting for age and baseline cardiometabolic variable, the Ox group had significantly lower fasting triglycerides; however, systolic BP and fasting blood glucose outcomes did not reach statistical significance (Table 2) . Total and HDL cholesterol were significantly lower in the Ox group, whereas LDL cholesterol was not different between groups. All but 2 subjects receiving Ox had a decrease in HDL to ,50 mg/dL within the first press.endocrine.org/journal/jcem6 months of treatment; however, there was no further decline over time (Fig. 3) . Given the universal lowering of HDL, all but 1 boy in the Ox group had at least 1 feature of MetS by the end of the study. Three boys in the Ox group (8%) and 5 boys in the Pl group (12%) met full criteria for MetS ($3 features) at the end of the study. There were no differences between groups in the number of subjects who had an increase or a decrease in the number of MetS features.
Subanalysis of prepubertal boys only
In a post hoc subanalysis, including only boys who remained prepubertal throughout the 2-year study (n = 43), results were quite similar to the whole group despite the smaller sample size. Boys treated with Ox (n = 20) had a %BF of 0.26 6 0.73 SDS compared with 0.96 6 0.80 SDS in boys who received Pl (n = 23), after controlling for age and baseline %BF SDS, P = 0.009. Total cholesterol, triglycerides, HDL cholesterol, and systolic BP were all lower in the Ox group (P = 0.001, 0.023, , 0.001, and 0.008, respectively). Fasting blood glucose was also lower but did not reach statistical significance (P = 0.29).
Safety profile
Overall, Ox was well tolerated and there were no serious adverse events attributable to the drug. No one withdrew for concerns for safety. There were no differences in the reported adverse events between groups (Table 3 ). In addition to the decline in HDL, the treatment group experienced bone age advancement; however, after 2 years, bone age was only 0.1 years more advanced than chronological age in the treatment group (bone age minus chronological age 0.1 6 1.1 in Ox, 20.6 6 1.2 in Pl, 95% CI for the difference in means 0.15 to 1.2, P = 0.012; Fig. 3 ). Height SDS also increased in the treatment group to 0.9 6 1.2 SDS; therefore, the effect on predicted adult height was minimal. There were no statistically significant differences between groups for liver function or hemoglobin concentration at the end of the study (Fig. 3) .
Four subjects (2 Ox, 2 Pl) started the study at a lower dose due to elevated LDL (n = 2) or bone age advanced .1.5 years beyond chronological age (n = 2). The study medication dose was lowered by predetermined safety criteria in 41% (19/46) of the Ox group and 26% (12/47) of the Pl group (x 2 P = 0.13). At the end of the study, the medication dose was 0.042 mg/kg/d in the Ox group and 0.045 mg/kg/d in the Pl group, which were significantly lower than the protocol specified dose of 0.06 mg/kg/d but not different between groups. Reasons for lowering the dose included bone age advancement (11 Ox, 10 Pl), HDL ,20 mg/dL (6 Ox, 0 Pl), and LDL .159 mg/dL (4 Ox, 2 Pl). No dosing changes were required due to premature pubarche (pubic hair prior to age 8 years), hypertension, or elevated alanine aminotransferase. Both subjects (1 Ox, 1 Pl) who started a P values were derived from ordinary least squares model regressing the outcome at 2 years on treatment group, age, and baseline value of the outcome.
b P value statistically significant at an a = 0.05. Figure 2 . %BF SDS loess curves over the 2-year study period for those treated with Ox (solid line) and placebo (dashed line). The shaded gray curves represent the standard error.
with a protocol-specified dose .2.5 mg required dose reductions.
Discussion
In this randomized, double-blind, Pl-controlled trial in prepubertal children with KS, 2 years of Ox modestly improved body composition with lowering of %BF. Ox also modestly improved select features of MetS, including lower fasting blood glucose, triglycerides, and BP. Overall, Ox was relatively well tolerated, although it did result in bone age advancement and universal lowering of HDL cholesterol. Males with KS are recognized to have a high prevalence of cardiometabolic diseases, and these conditions are the leading cause of morbidity and mortality in this population (12) (13) (14) (15) . Evidence supports these conditions are associated with hypogonadism; however, testosterone treatment in adults with KS often does not ameliorate the disease state (12) . Recent studies, including ours, support that abnormal cardiometabolic markers are already present in boys with KS prior to puberty (20, 21) . Therefore, interventions in childhood before the development of disease are more likely to yield preventative benefits to cardiometabolic health in this population. This study evaluated the efficacy of androgen supplementation on markers of cardiometabolic health in prepubertal boys with KS.
Body composition
%BF SDS for the boys in the this study was +1.1 6 0.9 at baseline, which is very similar to the %BF of +0.9 SDS reported by Aksglaede et al. (21) in 18 children with KS assessed by dual energy x-ray absorptiometry. Body composition is an important indicator of cardiometabolic health in children and adults (35, 36) , and adiposity strongly press.endocrine.org/journal/jcemcorrelates with type 2 diabetes in men with KS (17, 19) . Androgens, including Ox, are anabolic steroids that positively alter body composition by increasing lean body mass and decreasing adiposity (27, 37) . The findings of this blinded study are therefore expected: oral Ox nearly normalized %BF after 2 years, resulting in significantly lower %BF SDS compared with Pl. It is interesting that there was not a decrease in BF until the second year on Ox. Given the trend observed, it is quite possible the benefits of Ox on body composition would become more apparent with longer durations of treatment. It is important to note that the results were most significant in the boys who remained prepubertal. In these younger children, those who were in the Pl group had no change in their %BF, which stayed at about +1 SDS, whereas those who received Ox had a significant decline in their %BF, results that were quite significant despite the reduced sample size. Endogenous or exogenous androgens could have this positive effect on body composition; therefore, the boys who became pubertal were exposed to endogenous androgens and their %BF SDS decreased as a result, even in the Pl group. More research is needed to further understand the trajectory of body composition in both prepubertal and pubertal boys with KS, and ultimately if these observations in childhood track into adulthood.
Features of MetS
Systolic BP, fasting blood glucose, and triglycerides all improved with treatment, although, after adjusting for age and baseline measures, results were only significant for triglycerides. For the prepubertal subgroup, these results were even more significant. Given that up to half of men with KS have MetS (12) , it is prudent to evaluate the efficacy of potential treatments on these outcomes. A beneficial effect of Ox was appreciated for several features of MetS; however, no difference was noted for waist circumference percentile, and HDL cholesterol worsened. Due to these equivocal changes, the number of children who met criteria for MetS did not differ between groups. It is possible that the improvements in these measures with childhood androgen treatment would become more apparent over time and ultimately help prevent the development of these conditions in this population. Our study was also underpowered to detect differences in the number of MetS features over time; therefore, future studies enrolling more children followed for longer durations are needed to draw conclusions about the potential beneficial effect of Ox on MetS features.
Safety profile
Ox was generally well tolerated, as has previously been reported in other childhood populations (27, 38, 39) . However, 41% required a dose reduction due to prespecified criteria, and therefore the final dose was closer to 0.04 mg/kg/dose, and all subjects with a dose .2.5 mg daily required a dose reduction. Bone age advancement and dyslipidemia were the most common reasons for requiring a dose reduction; therefore, if boys with KS are treated with Ox, we would recommend monitoring bone age and lipid panels. Bone age advancement was appreciated despite that Ox is a nonaromatizable androgen that should not convert to estrogen (27) . This may be due to stimulation of endogenous testosterone production, as we have previously reported an increase in both serum testosterone and testicular size in boys treated with Ox (40) . Given the concurrent increase in height SDS, the predicted adult height is unchanged; therefore, the bone age advancement may not have clinical relevance. The decrease in HDL cholesterol is a typical response to exogenous androgens (41) ; therefore, it is not unexpected. This diminution seemed to wane with time; however, the long-term implications of lowering this protective biomarker are unknown. Further investigation is needed to determine whether low HDL is associated with morbidity and mortality in this population and the impact of chronic Ox treatment on HDL cholesterol. Strengths of this study include the randomized, controlled, and blinded study design with a novel dosereduction protocol, large number of participants, and good retention over a 2-year study period. As with all studies in this population, there is an ascertainment bias in the individuals who have a prepubertal diagnosis of KS, given the large majority of males with KS are not diagnosed in childhood, and a bias in the families who decide to participate in research. Aside from this unavoidable ascertainment bias, a limitation of this study is our assessment measures of cardiometabolic health do not allow us to understand the physiologic mechanisms of change. Finding differences in these outcomes, however, arguably has more clinical implications than measures of cardiometabolism physiology that are often done for research purposes and supports the need for additional research into underlying mechanisms. Finally, it was not possible to study long-term outcomes, including fertility.
In summary, the result of a 2-year, double-blind, Plcontrolled trial of Ox in boys with KS yields modest benefits in some cardiometabolic markers, including % BF SDS and fasting triglycerides; however, Ox notably decreased HDL cholesterol and results in mild bone age advancement. Overall, the short-term cardiometabolic effects of Ox in prepubertal boys with KS are beneficial; however, additional studies are needed to understand the effect of Ox on long-term cardiometabolic health.
